We describe a method to form customshaped inorganic oxide nanostructures by using DNA nanostructure templates. We show that a DNA nanostructure can modulate the rate of chemical vapor deposition of SiO 2 and TiO 2 with nanometer-scale spatial resolution. The resulting oxide nanostructure inherits its shape from the DNA template. This method generates both positivetone and negative-tone patterns on a wide range of substrates and is compatible with conventional silicon nanofabrication processes. Our result opens the door to the use of DNA nanostructures as general-purpose templates for high-resolution nanofabrication. R ecent advances in DNA nanotechnology make it possible to construct arbitrary-shaped DNA nanostructures at a theoretical precision down to 2 nm. 1−9 This level of shape control is unmatched by any other self-assembled material systems, such as block copolymers, self-assembled monolayers, and protein/peptide assemblies. 10−13 These DNA nanostructures can be deterministically deposited onto silicon wafers, 14−16 making them ideal templates for high-resolution nanofabrication. 4,12,14,15,17−28 Compared with competing topdown and bottom-up approaches for nanoscale patterning, 10−13 DNA-based nanofabrication could offer high throughput, high resolution, and potentially very low capital and operational costs: even with the current price of DNA synthesis, the cost of DNA template for patterning an area of 1 m 2 could be as low as $6.
R ecent advances in DNA nanotechnology make it possible to construct arbitrary-shaped DNA nanostructures at a theoretical precision down to 2 nm. 1−9 This level of shape control is unmatched by any other self-assembled material systems, such as block copolymers, self-assembled monolayers, and protein/peptide assemblies. 10−13 These DNA nanostructures can be deterministically deposited onto silicon wafers, 14−16 making them ideal templates for high-resolution nanofabrication. 4,12,14,15,17−28 Compared with competing topdown and bottom-up approaches for nanoscale patterning, 10−13 DNA-based nanofabrication could offer high throughput, high resolution, and potentially very low capital and operational costs: even with the current price of DNA synthesis, the cost of DNA template for patterning an area of 1 m 2 could be as low as $6. 17 A major challenge in using a DNA nanostructure for nanoscale patterning involves transfer of its pattern to an inorganic substrate (e.g., a silicon wafer). Because of their limited chemical stability, DNA nanostructures are not compatible with the harsh chemical reaction conditions that are typically used to etch and deposit inorganic materials, such as KOH etching and plasma-assisted chemical vapor deposition (CVD) . One approach to address this challenge is to deposit metal onto DNA via solution chemistry or vacuum evaporation. 18,22,23,26−29 However, existing approaches for DNA metallization typically produce nonconformal metal coatings, leading to a significant loss of resolution. DNAmediated etching of SiO 2 was recently reported to transfer the pattern of a DNA origami to a SiO 2 substrate with ∼25 nm resolution. 20 However, this approach could only produce features with limited vertical contrast, typically 2−3 nm. There is an urgent need to develop pattern-transfer reactions that can offer high resolution, high contrast, and compatibility with both DNA nanotechnology and existing semiconductor nanofabrication processes.
Herein we report a shape-conserving, room-temperature CVD process to convert a DNA nanostructure into an inorganic oxide nanostructure of the same shape. Our method has a number of advantages compared with the early developments of area-selective CVD and the closely related area-selective atomic layer deposition (ALD). First of all, the shape of a DNA nanostructure is configurable, and the feature size can be as small as 2 nm. If the DNA nanostructure could be overcoated with a 1 nm thick layer of CVD-grown inorganic oxide, it should be possible to produce custom-shaped features with sub-5 nm resolution. In contrast, previous studies on areaselective CVD and ALD have mostly relied on photolithography to define the area for selective material deposition; 30−34 consequently, the resolution of these CVD-grown patterns was limited by that of the photolithography. Although in some cases chemically synthesized inorganic nanostructures (e.g., nanoparticles) have been used as templates, 35 they cannot produce custom-shaped patterns. Second, our approach can be carried out at room temperature and is compatible with DNA nanostructures and potentially many other self-assembled supramolecular assemblies. Third, and most importantly, our CVD method is the first to achieve selective deposition of inorganic oxide onto a DNA nanostructure in the presence of a SiO 2 substrate, and vice versa. Both DNA and SiO 2 are active substrates in traditional high-temperature CVD and ALD processes. 36 However, through control of the adsorption of water at room temperature, our CVD process is able to differentiate these two substrates and achieve selective deposition with nanometer-scale resolution.
Our CVD produces a conformal oxide coating on the DNA template. Since oxide is one of the most commonly used etching masks, this method opens the door to integrating DNA nanotechnology with modern nanofabrication processes. As an example, we have demonstrated deep anisotropic etching of a silicon wafer by using the CVD-grown oxide as a hard mask.
Figures 1 and 2 summarize our method for DNA-mediated CVD of oxide materials on various inorganic substrates. In a typical experiment, a DNA nanostructure is first deposited onto a substrate (e.g., Si wafer, mica, or gold). The CVD is carried out at room temperature in a closed glass chamber, inside which several liquid reservoirs deliver the CVD precursor and other required chemicals to the substrate through the gas phase. Both positive-tone and negative-tone patterns can be obtained. The detailed experimental procedure can be found in the Supporting Information (SI) (see Figures S1−S17). Figure 1a shows an atomic force microscopy (AFM) image of triangular DNA templates deposited on a silicon wafer that has a thin layer (ca. 2 nm) of native oxide (also see Figure S1 ). The height and width of the edge of the DNA triangle were 1.2 ± 0.1 nm and 27 ± 1 nm, respectively (all reported width values are full widths at half-maximum; also see Table S1 ). When this sample was exposed to a mixed vapor of Si(OEt) 4 (TEOS), H 2 O, and NH 3 , deposition of SiO 2 occurred selectively on the SiO 2 surface that was not covered by the DNA template, resulting in a negative-tone pattern of SiO 2 ( Figure 1b ). The width of the trenches in Figure 1b was 42 ± 5 nm, while the depth was 7 ± 2 nm. The center void of the triangle template was retained in almost all of the structures, although with a reduced height contrast. To reverse the area selectivity of the CVD, we introduced propanol vapor and increased the relative humidity of the reaction chamber. In this case, the CVD reaction selectively deposited SiO 2 onto the DNA nanostructures to produce a positive-tone pattern ( Figure  1c ). After the CVD, the average height of the triangle structures increased from 1.2 ± 0.1 nm to 2.6 ± 0.5 nm while the width of the ridges increased from 27 ± 1 nm to 37 ± 3 nm. We note that the lateral dimension measured by AFM is likely limited by the tip−sample convolution effect and should be regarded as an upper limit. Nevertheless, faithful pattern transfer was clearly achieved for almost every DNA template under both positivetone and negative-tone conditions. Our results contrast with those from previous work on metallization of DNA nanostructures, where the metal-plating process typically produced grainy and sometimes discontinuous metal nanostructures. 18,22,23,26−29 This DNA-mediated CVD method is a versatile tool for general-purpose nanofabrication. First of all, the area-selective deposition of oxide materials is not limited to silicon wafer and can be extended to pattern other substrates. For example, Figure 2a ,b shows the positive-tone CVD of SiO 2 onto DNA nanostructures deposited on mica and gold substrates, respectively (also see Figures S2, S3 , S12, and S13). Second, oxide materials other than SiO 2 can also be deposited in a similar fashion by using suitable CVD precursors. For example, using titanium isopropoxide [Ti(O i Pr) 4 ] as the precursor, we successfully produced positive-tone TiO 2 structures on a silicon wafer using the same triangular DNA templates (Figures 2c and S17). Finally, this CVD method is compatible with customshaped DNA templates. Figure 2d shows high-resolution AFM images of both positive-tone and negative-tone SiO 2 patterns templated by DNA nanostructures with three different shapes: triangle, rectangle, and L shape. Figure 2e shows highresolution AFM images of positive-tone SiO 2 patterns templated by 26 letters constructed using the single-strand tiles (SST) approach. 1 The chemical composition of the CVD-grown oxide nanostructures was confirmed by X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy (EDX). For the XPS analysis, we used the SiO 2 triangle structures grown on a gold substrate because the other two substrates (silicon wafer and mica) contained silicon, which interfered with the data analysis. The XPS spectra (Figures S18 and S19) showed the presence of peaks for Si 2p (103.6 eV), Si 2s (154.8 eV), and O 1s (532.8 eV). The observed peak positions are consistent with the standard values for SiO 2 .
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XPS gave an Si:O ratio of 1:2.08 (or SiO 2.08 ), consistent with the deposition of SiO 2 . EDX analysis of the CVD-grown SiO 2 triangles gave the expected Si and O peaks, while the TiO 2 structures gave the expected Ti and O peaks ( Figure S20 ). Both the XPS and EDX spectra indicated the presence of carbon, which could arise from either the DNA or adsorption of CVD precursors and/or hydrocarbon contaminants in air. In addition to these spectroscopic characterizations, we also found that both the SiO 2 and TiO 2 structures could survive a 600°C heating treatment in air, further confirming their inorganic nature ( Figures S21 and S22) . The key to achieving high-resolution area-selective CVD is to control the adsorption of water at the nanoscale. In our CVD process, the oxide precursors [Si(OEt) 4 and Ti(OiPr) 4 ] require water to hydrolyze (Figure 3a) . In addition, NH 3 was used as a catalyst to enhance the reaction kinetics at room temperature. 38, 39 Consequently, the rate of CVD should be closely related to the local concentration of adsorbed water and/or NH 3 catalyst. In the negative-tone CVD (Figure 1b) , the Si/ SiO 2 substrate was placed in the reaction chamber with two open vials, one containing CVD precursor and the other concentrated ammonia solution. Under these conditions, the SiO 2 CVD preferentially occurred on the existing SiO 2 surface, implying that SiO 2 is the preferred adsorption site for water and/or NH 3 under these conditions. In addition, one would also expect that the SiO 2 CVD should prefer to nucleate and grow onto an existing oxide surface. In this case, we used ellipsometry to track the average thickness of the oxide layer and observed a continuous increase in the oxide thickness from 2.6 nm (the thickness of the native oxide) to 14.5 nm after 12 h and 55.1 nm after 24 h (Figure 3b ). Since the depth of the triangular trenches was 7 ± 2 nm after 12 h of reaction, we estimate that the deposition rate of CVD SiO 2 on the wafer surface was ca. 4 times faster than on the DNA nanostructures (see the SI for the detailed calculation).
To reverse the selectivity and achieve preferential oxide deposition onto the DNA nanostructure, it was necessary to decrease the activity of the SiO 2 surface and increase that of the DNA. We found that the former could be achieved by introducing n-propanol vapor into the CVD chamber. It has been shown that the coadsorption of n-propanol and water on a flat SiO 2 surface gives a binary adsorbate layer in which the adsorbed n-propanol molecules lie at the adsorbate−gas interface and water molecules are embedded underneath the n-propanol layer. 40 Although the detailed mechanism is still under investigation, we believe that under these conditions, the adsorbed water is not directly accessible to the CVD precursor, which should lead to significantly slower deposition of SiO 2 onto the flat SiO 2 surface. This prediction was indeed verified in our experiment: we saturated the CVD chamber with npropanol vapor by introducing an open vial of n-propanol; in this case, we observed that the CVD still resulted in a negativetone pattern transfer; however, the trenches were extremely shallow (<0.5 nm at 12 h; Figure S23 ), indicating a significant decrease (by a factor of at least 5) in the rate of SiO 2 deposition onto the flat SiO 2 surface. However, in this case, the DNA nanostructures still were not active toward SiO 2 CVD.
To increase the activity of the DNA nanostructures toward SiO 2 deposition, it was necessary to enhance their adsorption of water. This was achieved by introducing an additional open vial of water to increase the relative humidity inside the CVD chamber. Indeed, positive-tone pattern transfer was achieved when the above two efforts were combined. As shown in Figure  3b , in the presence of n-propanol vapor and increased relative humidity, the overall rate of SiO 2 deposition onto the wafer surface was still slow (ca. 1 / 14 of that in the absence of npropanol); however, in this case, AFM imaging showed a consistent increase in the height of the DNA nanostructures, which reached ∼7 nm at 24 h ( Figure S14) . From both the AFM and ellipsometry data, we estimate that the rate of SiO 2 CVD onto DNA was at least 2.6 times faster than onto the wafer surface (see the SI for the detailed calculation).
The formation of both positive-tone and negative-tone patterns is kinetically controlled. Because CVD-grown oxide is deposited conformally, the quality of the pattern transfer deteriorates, and fine features are lost at long reaction times. For example, after 24 h of reaction, the negative-tone SiO 2 patterns disappeared completely ( Figure S8 ) while the positivetone patterns lost the central void feature and became solid triangles ( Figure S14 ).
Water adsorption also explains the behavior of different substrates in our CVD process. For example, we found that only positive-tone growth could be achieved for DNA triangles deposited on a gold substrate, even under conditions that produced a negative-tone pattern on a Si wafer ( Figures S7 and  S10 ). This observation is consistent with the chemical inertness of gold, which does not allow water and ammonia to adsorb strongly on its surface. 41 For a mica substrate, the contrast of the negative-tone pattern was very small, presumably because of the very small difference in the adsorption isotherms of water on DNA and mica. 42, 43 The SiO 2 nanostructure produced by our CVD process can be used as a hard mask for etching the underlying silicon substrates. In fact, SiO 2 is one of the most often used masks in silicon nanofabrication. To demonstrate this feasibility, we carried out deep anisotropic etching of silicon using the CVDgrown SiO 2 as a hard mask (Figure 4) . Briefly, we deposited DNA triangles onto a silicon [110] wafer and grew a negativetone SiO 2 pattern. The wafer was then exposed to a SF 6 /O 2 plasma that selectively etches Si but not SiO 2. 44 After the plasma etching, we removed the CVD-grown SiO 2 mask with hydrofluoric acid (HF) to expose the underlying silicon. AFM imaging of the wafer revealed triangular trenches on the surface, indicating successful pattern transfer to the silicon layer. As shown in Figure 4 , the depth of the trenches was 25 ± 2 nm, while the width was 55 ± 3 nm. For comparison, the depth and width of the trenches of the CVD-grown SiO 2 mask were 7 ± 2 and 42 ± 5 nm, respectively. Almost all of the triangles showed the center void feature, although with a reduced vertical contrast. The silicon surface was rough, which we believe to be a result of the amorphous nature of the SiO 2 grown under our current CVD process.
In conclusion, we have developed a novel approach to pattern custom-shaped inorganic oxide nanostructures by using a DNA nanostructure template. Our area-selective CVD method converts a DNA nanostructure into an oxide one, which can be used as a hard mask for conventional semiconductor nanofabrication. Recently, two studies have demonstrated the deterministic deposition of DNA nanostructures on a silicon wafer. 14, 15 This advance, together with our results described here, opens up the possibility to integrate DNA nanotechnology with conventional nanolithography to create high-resolution patterns. Although the resolution demonstrated here cannot yet compete with that of the best extreme UV lithography and electron-beam lithography, our approach is parallel, high-throughput and has the potential to drastically reduce the capital investment and operational cost of high-resolution (<20 nm) nanofabrication. Experimental details, additional figures, and a table. This material is available free of charge via the Internet at http:// pubs.acs.org.
